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Signal transduction: Fast lane to transcriptional activation
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Two newly reported structures of homodimeric ‘STAT’
transcription factors bound to DNA reveal at atomic
resolution the elegant mechanism through which
kinase activity at the cell membrane can be transduced
into transcriptional activation within the cell nucleus.
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One of the most important questions in cell biology is how
do cells regulate gene transcription in response to extracel-
lular signals? Of the many signal transduction mechanisms
that have been defined, the pathway involving ‘signal
transducers and activators of transcription’ (STAT) is
arguably one of the simplest and most efficient. Indeed,
extracellular signals that act via this pathway — cytokines
or growth factors — induce elevated transcription within
just a few minutes. Now two papers [1,2] have reported
three-dimensional structures of the crucial player in this
pathway: the phosphorylated form of a STAT homodimer
— STAT-1 or STAT-3 — in a complex with DNA. These
studies, together with an earlier paper on the structure of
the amino-terminal domain of STAT-4 [3], reveal in atomic
detail both the architecture of the protein and how phos-
phorylation of a single tyrosine controls both dimerization
and DNA-binding for this family of transcription factors.
STAT proteins, of which seven mammalian versions have
been identified so far, are activated by a large number of
signalling peptides and play a role in a wide variety of
cellular processes (reviewed in [4,5]). The importance of
this signalling pathway is emphasised through the finding
that the STAT proteins are evolutionarily conserved from
slime moulds to man (reviewed in [6]). The beauty of the
STAT signal transduction pathway is that a single protein
recognizes both the cytoplasmic domains of membrane
receptors and also DNA sequences in the promoters of
target genes. STAT proteins thus directly couple the acti-
vation of cell surface receptors with gene activation.
Over the last 10 years, a combination of genetic and
biochemical analyses have given us a good understanding
of the sequence of events that lead to the activation of
transcription following the excitation of cell surface recep-
tors that employ STATs. First, a peptide ligand binds to a
surface receptor and activates a receptor-coupled kinase
activity; for cytokine receptors this is a Janus kinase (JAK),
whereas growth factor receptors possess intrinsic kinase
activity. This results in the phosphorylation of tyrosines in
the cytoplasmic regions of the receptor. Monomeric
STAT proteins in the cytoplasm contain a conserved Src-
homology-2 (SH2) domain near their carboxyl terminus,
which mediates their specific binding to the phosphory-
lated receptor. The STAT proteins are thus recruited to
the activated receptor complex, where they themselves
are specifically phosphorylated on a conserved tyrosine
just carboxy-terminal to their SH2 domain. This single
modification provides the switch for two STAT proteins
to form homodimers (or heterodimers) via their SH2
domains. The dimers are then translocated into the
nucleus, where they bind to specific promoter sequences
in target genes [4,5]. 
Why dimerization of STAT proteins should facilitate their
nuclear entry remains obscure. The clear effect of the
dimerization, however, is increased DNA-binding affinity.
The cooperative binding of several STAT proteins to
adjacent binding sites results in efficient transcriptional
activation of STAT target genes. The cooperativity in
DNA-binding seems to be mediated by the most amino-
terminal region of the STAT proteins [7,8]. Exactly how
transcriptional activation follows from binding to DNA is
not completely clear, but it seems likely that STAT in
turn recruits other proteins to the promoter. Two regions
of the STAT proteins have been implicated in this
process: residues at the very carboxyl terminus and
residues toward the amino terminus (see below).
The most interesting crystal structures tell us about the
biology of the macromolecule concerned — Max Perutz
recalls that Lawrence Bragg always used to ask him: what
is the structure trying to tell you? The recent structures of
two STAT homodimers bound to DNA — STAT-3 at
2.25 Å by Becker et al. [1] and STAT-1 at 2.9 Å by Chen et
al. [2] — tell us plenty. Indeed, they are remarkably
enlightening as to the structural mechanisms that underlie
STAT protein function. In both cases, the complexes
contain a STAT core fragment consisting of about 590
amino acid residues bound to a non-palindromic DNA-
target site. Although the amino-terminal 130 residues of
the STATs are missing from these structures, the struc-
ture of this region from STAT-4 has been solved previ-
ously [3], thus giving us an almost complete picture of the
whole STAT–DNA complex (see below).
The structures of the STAT-3 and STAT-1 complexes
are to all intents and purposes identical. In each
complex, the DNA is bound by a STAT homodimer,
with each subunit in the dimer related to the other by a
crystallographic two-fold symmetry axis. As a result, the
DNA is held in a grip-like hold, as a nutcracker would a
nut (Figure 1). The overall structure is similar to that of
the complex between the NF-κB homodimer and DNA
[9,10]. The STAT core consists of four structural
domains, each with apparently discernible functions.
The first domain, after the missing 130 amino-terminal
residues, contains four long α-helices forming a coiled-
coil structure (181 residues; red in Figure 1). In the
dimer, the two coiled-coil domains project outwards in
opposite directions and are covered with predominantly
hydrophilic residues, almost certainly providing interac-
tion surfaces for other proteins. In fact there is evidence
that this region interacts with partners such as p48 and
CBP/P300 [4].
The next domain is the 170 residue DNA-binding domain
(green in Figure 1). This domain, like the DNA-binding
domains of the transcriptional regulators p53 [11] and the
p50 subunit of NF-κB [9,10], has an immunoglobulin-like
fold. The sequence of the DNA-binding site is recognised
exclusively by this domain. The 17 base-pair oligonu-
cleotide present in the crystal contains two half-sites
spaced so that, in the dimer, the two DNA-binding
domains of the STAT subunits bind on opposite sides of
the DNA double helix, contacting the DNA over 15 base
pairs. All DNA contacts are made from loops emanating
from one edge of the β sheet in this domain. 
Because the crystallographic two-fold symmetry axis
passes through the centre of the DNA-binding site in both
the STAT-1 and STAT-3 complexes, both structures rep-
resent an average of the two halves in the complex. As a
result of this, and because the oligonucleotides used were
asymmetric, non-equivalent base pairs are superimposed
at several positions, somewhat complicating the interpreta-
tion of the protein–DNA interactions. Interestingly, most
of the contacts are to the DNA backbone with rather few
base-specific contacts. This may be why the STAT pro-
teins seem to be able to recognise rather divergent binding
sites. It seems likely that the cooperative binding of adja-
cent STAT dimers effectively enhances the specificity.
A helical domain (yellow in Figure 1), just 88 residues
long, links the DNA-binding domain to the SH2 domain.
This domain seems to be more than just a spacer. Indeed,
one of the α helices both interacts with the phosphate-
binding loop of the SH2 domain and packs directly against
the most important part of the DNA-binding domain.
This interaction means that changes in the phosphoryla-
tion state of the SH2 domain would be likely to cause a
conformational change transmissible to the DNA-binding
domain, which might modulate DNA binding. This
feature could be important in disassembly of STAT com-
plexes from DNA by phosphatases [2].
The carboxy-terminal SH2 domain (blue and cyan in
Figure 1), mediates formation of STAT dimers [12]. The
phosphotyrosine (ringed in red in Figure 1), which pro-
vides the switch for dimerization, is located in the
carboxy-terminal tail segment adjacent to the SH2
domain, and attached by a flexible linker. Importantly the
linker does not allow the phosphotyrosine to fold back and
interact with its own SH2 domain; instead, the carboxy-
terminal tails cross over so that the phosphotyrosine in one
monomer binds to the SH2 domain of the other, clamping
the two monomers together.
Although the sequence of the STAT SH2 domains are
quite divergent from other SH2 domains, their architec-
ture is conserved, as is the general recognition mode of the
phosphotyrosyl peptide [13]. The key recognition
element is strictly conserved in all SH2 domains: a
phosphate–arginine interaction. The SH2–SH2 interface
is also stabilised by several interactions from residues
R766 Current Biology, Vol 8 No 21
Figure 1
Ribbon views of a STAT homodimer bound to DNA. The two views are
related by a 90° rotation about a horizontal axis in plane with the page.
The coiled-coil helical domains are coloured red; the DNA-binding
immunoglobulin fold is coloured green; the linker domains are coloured
yellow; and the SH2 dimerisation domains are coloured blue and cyan.
The phosphotyrosine residues are ringed in red.
carboxy-terminal to the phosphotyrosine. Dephosphoryla-
tion of the key tyrosine would most likely result in the dis-
sociation of the protein dimer, which in turn would
destabilise DNA binding. Whether this is a natural mecha-
nism for inactivation remains to be established [4].
These structures [1,2] give us an excellent picture of how
phosphorylation regulates the interaction between two
STAT subunits, allowing a dimer to bind to DNA. In vivo,
however, the functional unit is likely to be a cluster of
STAT dimers interacting cooperatively. Deletion studies
suggest that this cooperativity requires the STAT
protein’s amino-terminal domain (residues 1–130) [7,8].
The crystal structure of this domain — from STAT-4 —
has been solved previously [3]. The domain is predomi-
nantly helical, and forms a symmentrical dimer in the
crystal. Combining the amino-terminal domain dimer with
the STAT-1 core domain dimer (bound to DNA) shows
that adjacent dimers could interact, accounting for the
cooperativity in binding [2]. 
One problem of fitting together separate structures is that
one does not know whether the amino-terminal domain
has a preferred orientation with respect to the STAT core.
In other words, does the amino-terminal domain pack
specifically against the STAT core, or is it able to move
freely? Chen et al. [2] seem to  favour the latter model
when they suggest that a dimer of amino-terminal domains
bridges the STAT cores along one side of the DNA (upper
panels in Figure 2). An alternative arrangement is also pos-
sible (lower panels in Figure 2): in this case, the amino-ter-
minal domains would link two STAT core dimers by
crossing the DNA, either above or below the double helix.
This would give a perfect tandem array of STAT proteins
and implies that, once bound to DNA, the amino-terminal
domains form a specific interface with the STAT core. In
this case, a series of STAT dimers could spiral around the
DNA, forming a very stable complex. These alternative
models have yet to be resolved.
In conclusion, it is clear that these beautiful structures
provide a fairly complete understanding of the role STAT
proteins play in signal transduction. A few questions do
remain, however. In particular how does STAT phospho-
rylation influence its nuclear import? What is the role of
STAT heterodimerisation, and of the possible interactions
of STATs with other DNA-binding transcription factors,
such as Sp1, c-Jun and the glucocorticoid receptor [4]?
And perhaps most importantly, what is the next step in
transcriptional activation?
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Figure 2
Two possible modes of cooperative interaction between adjacent
STAT dimers. The DNA double helix is indicated in grey; the STAT
homodimer cores are shaded blue and the amino-terminal dimerisation
domains are coloured green or indicated by a red arrow. The upper
panels show two schematic views of the parallel relationship between
adjacent STAT dimers on the DNA, as proposed by Chen et al. [2].
The lower panels show an alternative possible arrangement, in which
the amino-terminal domains cross either above or below the DNA.
